Introduction
We describe upper-extremity reconstruction after proximal humeral bone loss by means of glenohumeral arthrodesis using a vascularized fibular graft and double plate fixation.
Arthrodesis in the setting of extensive proximal humeral bone loss, such as occurs with infection following shoulder arthroplasty or tumor resection with associated bone loss on the humeral and/or glenoid side of the joint, can be performed with a free vascularized fibular graft 1 . Wang et al. reported that shoulders reconstructed with an arthrodesis have superior function and strength compared with those treated with a prosthesis or an allograft-prosthesis combination in patients with extensive proximal humeral bone and abductor muscle loss 2 . However, this reconstruction is quite demanding, challenging, and prone to complications 3, 4 . We found that a shoulder arthrodesis using a free vascularized fibular graft with two plates to achieve stable fixation is a reliable salvage procedure with an acceptable complication rate for reconstruction of shoulders with extensive humeral bone loss, rotator cuff dysfunction, and/or deltoid dysfunction 5 . Shoulder arthrodesis using a free vascularized fibular graft with double plate fixation consists of the following eight sequential steps.
Step 1: Preoperative Evaluation and Planning
Use preoperative imaging to estimate the length of the humeral defect, the absence or presence of a glenoid defect, and the available length of fibular graft.
• The brachial artery, tibialis posterior, and tibialis anterior arterial pulses should be palpable. We routinely do not use angiography of the lower leg and/or upper arm before the procedure 6 .
• Use preoperative imaging to estimate the length of the humeral defect, the absence or presence of a glenoid defect, and the available length of fibular graft. For tumor cases, cooperate with the orthopaedic oncology team as it is essential to know the defect that they will create after the resection of the tumor. • Plan to leave 6 cm of the proximal and distal aspects of the fibula in situ for ankle and knee joint stability. • Compression plates of 4.5 mm and 3.5 mm, along with extra-long sizes, should be available. In most patients, use a sixteen to seventeen-hole 4.5-mm locking reconstruction plate for the lateral plate and a nine to ten-hole 4.5mm narrow locking compression plate for the medial plate. In tumor cases, longer plates may be needed depending on the extent of the resection.
Step 2: Position the Patient
Place the patient in the beach-chair position, securing him/her with side supports.
• Place the patient in the beach-chair position at the edge of the table with the arm draped free and the spine of the scapula fully accessible. Support the medial border of the scapula and the thorax with small towels or a pad. • Prepare the arm and attach the surgical drapes to it with a Kocher clamp during the deltopectoral approach. Stabilize the patient securely to the table with the help of side supports because the beach-chair position will be changed to the supine position during the operation as noted in the following steps. • Apply a pneumatic tourniquet to the contralateral thigh.
Step 3: Expose and Prepare the Shoulder
The approach is a typical anterior approach to the shoulder following an anterolateral approach to the humeral shaft.
• As this surgical reconstruction can be applied to different clinical scenarios, and each scenario has its own characteristics, there is no standard surgical approach for this technique. However, you should be comfortable with all extensile approaches about the shoulder girdle. • The approach is a typical anterior approach to the shoulder following an anterolateral approach to the humeral shaft. Start the skin incision just above the coracoid process and follow the deltopectoral groove distally. Use the deltopectoral interval for exposure of the glenoid. Retract the conjoined tendon medially and the deltoid laterally to expose the glenoid. Excise all soft tissues or soft-tissue remnants surrounding the glenoid, including the capsule, labrum, and glenohumeral ligaments. Expose the anterior aspect of the glenoid neck ( Fig. 1 ). • In some cases, the coracoid process may obstruct both the exposure and the plate application. In these cases, a coracoid osteotomy can be performed and later repaired with a 4.0-mm cannulated screw. • Extend the incision along the lateral border of the biceps to the distal third of the humerus. Retract the biceps brachii medially and expose the brachialis muscle. Split the brachialis muscle along the line of its fibers and expose the humerus. Be aware of the altered anatomy, especially in patients with a previous, failed hemiarthroplasty, whose anatomy is substantially altered. In posttraumatic cases, scarring as well as previous vascular and nerve reconstructions make the dissection very complicated. • Find and tag the radial nerve at the distal third of the humeral shaft between the brachialis and brachioradialis muscles.
• Exposure of the spine of the scapula is relatively easy, as these patients often have substantial muscle atrophy, rendering the spine very prominent. Elevate the superior periosteum at the spine of the scapula for plate application. Detach the deltoid from the spine of the scapula and repair it later.
Step 4: Harvest the Fibular Graft
Harvest the full length of the fibula, after leaving 6 cm proximally and distally for ankle and knee stability.
• During the same operative procedure, harvest the fibular graft from the contralateral thigh through the standard lateral approach with an inflated tourniquet to provide a bloodless field 6 . We did not use a fasciocutaneous skin paddle based on the posterior septum perforators in our patients because they had no soft-tissue defects.
• Leave 6 cm of the proximal and distal aspects of the fibula in situ for ankle and knee joint stability in adults. Both endosteal and periosteal nourishing of the fibular flap is essential; therefore, harvest the full length of the fibula for all cases, after leaving enough bone for ankle and knee stability. Internal rotation of the hip and flexion of the knee facilitate the exposure of the fibula in the donor leg. • In order to provide a long vascular pedicle, carry the vascular dissection to the bifurcation of the peroneal and tibialis posterior arteries. • Measure the diameter of both ends of the fibular graft using calipers. • Do not ligate and cut the pedicle until the humerus and the recipient vessels are ready for the transfer.
Step 5: Prepare the Humerus and Recipient Vessels in the Upper Arm
Ream the humeral medullary canal by hand to avoid fracture and prepare the profunda brachii or brachial artery as recipient vessels.
• Decide the most appropriate recipient vessels. If the exposure or primary resection allows the use of the profunda brachii artery and venae comitantes as recipient vessels, use the fibular flap in an antegrade orientation. However, the profunda brachii artery is rarely available in patients with previous surgery or trauma. If the brachial artery and venae comitantes at the distal part of the arm are used as recipient vessels, place the fibular flap in a retrograde orientation. • Ream the humeral medullary canal to the same diameter as the fibular graft ( Fig. 2 ).
(The diameter of the fibular graft can be easily measured with calipers.) Ream very carefully by hand to prevent thermal osteonecrosis and especially to avoid fracturing the humerus. Avoid overreaming in order to obtain primary stability of the humerus-fibular graft interface. The shape of the fibula is not cylindrical; therefore, an interference fit can be obtained by locking the fibula into the humerus. • Create a 1-cm-deep cavity, with the same diameter as the fibula, at the inferior pole of the glenoid or the remnant of glenoid in order to insert the fibular graft ( Fig. 2 ). • Measure the length between the proximal part of the humeral shaft and the inferior pole of the glenoid without excessive traction or compression of the arm. (Because the patient is in the beach-chair position and under general anesthesia, your measurement is already being made in traction due to gravity.) This measurement provides the "absolute length" of the fibular graft reconstruction. However, the fibular graft must be at least 3 to 4 cm longer than this measurement so that it can be inserted into the humerus and glenoid. • Move the patient from the beach-chair position to the supine position. As mentioned above, the patient must be very well secured to the surgical table to facilitate this position change without jeopardizing the neck and head alignment/position as well as to maintain the sterile field. • Place the upper extremity on a hand-table. Externally rotate the upper extremity for a separate medial incision to explore the brachial artery (fibula retrograde) ( Fig. 2) or internally rotate the upper extremity to prepare the profunda brachii artery and concomitant veins (fibula antegrade). Manipulation of the extremity is very easy after this step. • Prepare the recipient vessels for the anastomosis. When the proximal part of the humerus is resected simultaneously in patients with a tumor, finding the profunda brachii artery is straightforward. The diameters of the peroneal artery and profunda brachii artery are a good match for the anastomosis. • There are two methods for using the brachial artery. It can be exposed through the anterolateral approach that was used to prepare the humerus, by retracting the humeral shaft later-ally and the medial muscles medially from the intermuscular septum. However, this can be very difficult because of fibrosis and adhesions due to previous surgical treatment and problems. An alternative method that we prefer is to create a separate medial humeral approach to expose and prepare the brachial artery and veins. Then a loose tunnel is created for the pedicle of the fibular graft from this medial approach to the anterolateral approach.
Step 6: Insert the Fibula Into the Proximal Part of the Humerus and Complete the Vascular Anastomosis
Insert the bare osseous fibula into the humeral canal, pass the graft pedicle through the loose tunnel, and anastomose the vessels.
• With the patient still supine and the upper extremity on the hand-table, ligate and cut the pedicle of the fibular graft, and take the fibular graft to a separate table.
• The fibular graft should be 3 to 4 cm longer than the humeral defect. One centimeter is needed (or possibly 0.5 cm if the glenoid was partially excised) to insert into the glenoid, and at least 2 cm is required to insert into the humeral shaft. Prepare the fibular graft to achieve appropriate length. Consider the entrance of the endosteal nutrient vessel to the fibular graft (approximately midshaft) and free the pedicle to this point. If you need a longer pedicle, do not hesitate to sacrifice the endosteal perforator because a periosteal fibular flap works well 6 . Be gentle to the hilus of the graft and periosteum.
• Gently evaginate the distal periosteum (humeral side) 2 to 3 cm and the proximal periosteum (glenoid side) 0.5 to 1 cm, and provide a bare osseous region at both ends of the graft (Fig. 3) . Wash out the vessels of the fibular graft, particularly the peroneal artery, with heparin saline solution and ligate if there is any leakage 7 .
• Insert the bare osseous fibula into the humeral medullary canal and maintain primary stability at this interface. Bring the evaginated periosteum distally and cover the junction with the periosteum (Fig. 3 ). • Pass the pedicle through the loose tunnel that was created previously and perform the anastomosis of the vessels (end-to-side arterial, end-to-end venous) using an operating microscope ( Fig. 3) . At the end of this step, you have a "living" extended humerus, which can easily reach the inferior pole of the glenoid, after a very short ischemia time ( Fig. 4 ). • Close the medial wound after meticulous hemostasis using a drain. We prefer an open drain, but if you use a closed suction drain take care to avoid jeopardizing the anastomosis.
Step 7: Double Plate Fixation
It is very important to bend the lateral plate to match the contour of the osseous surfaces.
• Move the patient into the beach-chair position again. • If the measurement of the graft was accurate, you do not need forceful manipulation, which compromises the pedicle and anastomosis. If the graft is longer than it should be, excessive traction to reduce the fibula to the glenoid may endanger the anastomosis. • Insert the tip of the fibular graft into the glenoid cavity that was prepared previously, and secure the position of the shoulder using sterile supporting towels. Allow the fibular periosteum to cover this interface at the glenoid. The preferred shoulder position is 30° of abduction, 30° of flexion, and 30° to 50° of internal rotation. A practical method is to aim the patient's hand to his/her upper lip or nose (Fig. 5) , not the forehead. Avoid a position that results in painful scapular winging. Check the position of the shoulder and fix the fibula to the glenoid using a Kirschner wire. • Be very gentle and do not disturb the position of shoulder! • A 4.5-mm locking reconstruction plate is appropriate for the lateral plate. The length of this plate should be sufficient to bridge the spine of the scapula and the humeral shaft. Place at least three screws in the scapular spine and three screws into the proximal aspect of the humerus (Fig. 6 ). • It is very important to bend the lateral plate to match the contour of the osseous surfaces; the plate should sit on the osseous surfaces directly in order to neutralize bending and shear forces that could lead to implant failure because of improper plate contouring. Use a bending template for proper bending. The plate should sit on the superior part of the scapular spine; then pass just over the acromion with a slight bend anteriorly in the sagittal plane; and cross the lateral aspect of the acromion, puncturing the deltoid muscle and taking a sharp bend down the humerus. Bend the plate to obtain the correct contour in three dimensions. • If possible, the incision to expose the spine of the scapula and the anterior incision for the humerus and glenoid should not be connected, to prevent prominent hardware problems. Placing the prebent lateral plate from separate incisions is not difficult. Create a subcutaneous tunnel just over the lateral aspect of the acromion needed. Slide the plate using a rotation maneuver to place it in the desired position. • Place a prebent lateral plate on the scapular spine and then hold the plate and the humeral shaft using a bone clamp. Initially, insert screws into the spine of the scapula. Then go down to the humerus, and insert one eccentric screw for compression; other screws should be locking ones. • A 4.5-mm narrow locking compression plate is generally appropriate for the medial plate. Place one or two screws in the anterior aspect of glenoid and at least two screws in the humeral shaft. Make sure to also bend this plate properly. The plate should sit on the anterior part of the glenoid and the anterior surface of the humeral shaft ( Fig. 6 ). • First insert the proximal screws into the anterior aspect of glenoid and then insert the humeral screws. Do not use an eccentric screw for compression. Consider plate screw holes and position to avoid obstructive overlapping screws in the humeral shaft. • Remove supporting towels after completion of fixation. Check the stability of the construct by moving the shoulder. Remove the Kirschner wire, and watch this interface carefully. If you see any motion at the glenoid-fibula interface, use additional screw fixation at this interface. • If the coracoid process was osteotomized, fix it with a 4.0-mm cannulated screw. • Irrigate the surgical wound area with warm saline solution. • After checking vascular patency from the medial side of the fibula, place a closed vacuum wound drain deep to the deltoid muscle and along the lateral border of the fibular graft away from the anastomosis, exiting through a separate stab wound. • Close the soft tissues in an anatomic fashion.
Step 8: Follow-up and Rehabilitation
Immobilize the shoulder until union is achieved and then start scapula-thoracic exercises.
• Immobilize the shoulder using an abduction sling with a wedge-shaped pillow between the thorax and arm until osseous union of the proximal and distal junctions is seen on radiographs. • Discontinue immobilization following osseous union at both interfaces, usually at two to four months. • Start scapula-thoracic exercises after union of both interfaces.
Results
We recently reported on a retrospective series of nine shoulder arthrodeses performed with use of a free vascularized fibular graft 5 . Eight of the nine patients had double plate fixation. Two of the nine patients had a complication that required major surgical intervention (see Table I in our previous article 5 ). The mean Musculoskeletal Tumor Society (MSTS) score was 24 points (range, 14 to 28 points), and the mean Toronto Extremity Salvage Score (TESS) was 82% (range, 44% to 94%), with a good functional outcome in all patients except one with reconstruction failure. None of the patients had painful scapular winging due to excessive abduction or flexion with the arm in a resting position. Shoulder arthrodesis using a free vascularized fibular graft with double plates to achieve stable fixation is a reliable salvage procedure with an acceptable complication rate for reconstruction of shoulders with extensive humeral bone loss, rotator cuff dysfunction, and/or deltoid dysfunction. Figure 7 shows a patient treated with the procedure: a twenty-year-old man who was referred to our clinic for reconstruction following a gunshot injury of the left shoulder. Initially, he underwent axillary artery reconstruction with a saphenous vein graft and external fixation for the open proximal humeral fracture with segmental bone loss. He had a complete brachial plexus paralysis of the left upper extremity. The external fixator was removed and a shoulder sling was applied; to prevent contractures, elbow and hand rehabilitation was initiated. Five months after the injury, he recovered elbow and hand function and the decision was made to perform shoulder arthrodesis with a free vascularized fibular graft. Preoperatively, infection was ruled out with laboratory tests and the patency of the vascular reconstruction was confirmed with angiography. Osseous union was achieved in ten weeks, at which time scapula-thoracic exercises were initiated. Although the lateral plate was prominent, especially at the top of the acromion, there was no skin breakdown, since two separate incisions had been used (Fig. 7) .
What to Watch For

Indications
• Shoulder arthrodesis is indicated for patients with brachial plexus injury, failed prosthetic arthroplasty, reconstruction after tumor resection, chronic infection, refractory instability, and pseudoparalysis of the shoulder secondary to combined rotator cuff and deltoid muscle dysfunction 1 . When there is substantial proximal humeral bone loss (>5 cm), shoulder arthrodesis can be performed with a free vascularized fibular graft.
• Appropriate candidates for the procedure are highly motivated, younger (less than sixty years), and active patients who will likely subject the shoulder girdle to strenuous activity.
Contraindications
• Active infection.
• A patient with insufficient motivation for this kind of demanding surgery and subsequent immobilization and rehabilitation. • Lack of recipient vessels due to failed reconstruction or trauma. • Peronea magna, which is a condition involving hypoplasia or absence of both the anterior and the posterior tibial arteries with the peroneal artery as the only arterial supply for the foot. This condition may occur in up to 8% of the population 6 and must be ruled out.
Pitfalls & Challenges
• As this is a challenging operation and careful preoperative planning and good exposure are mandatory, a two-team approach is preferable. The radial nerve should be explored and protected. • While inserting the fibula into the humerus, be careful to avoid an iatrogenic fracture. • Two separate incisions are preferred for lateral plate application from the scapula spine to the humerus; a single incision including the subcutaneous part of the acromion may lead to skin breakdown and exposure of prominent hardware. • The lateral 4.5-mm locking reconstruction plate must be prebent precisely to match the osseous anatomy.
• After application of both plates, stability must be checked at the glenoid-fibula interface; if there is any motion, an additional screw extending from the fibula to the glenoid should be applied to prevent it.
Clinical Comments
• Do you prefer separate incisions for lateral plate application? ( Disclosure: None of the authors received payments or services, either directly or indirectly (i.e., via his or her institution), from a third party in support of any aspect of this work. None of the authors, or their institution(s), have had any financial relationship, in the thirty-six months prior to submission of this work, with any entity in the biomedical arena that could be perceived to influence or have the potential to influence what is written in this work. Also, no author has had any other relationships, or has engaged in any other activities, that could be perceived to influence or have the potential to influence what is written in this work. The complete Disclosures of Potential Conflicts of Interest submitted by authors are always provided with the online version of the article. Fig. 1 Exposure and preparation of the shoulder. This image shows exposure of the left humerus and glenoid through a deltopectoral approach. The head is in the upper right corner, and the torso is in the lower left corner. The right border is lateral, and the left border is medial. Fig. 2 Preparation of the humerus and recipient vessels in the upper arm. Fig. 2 -A Gentle hand reaming of the humerus is essential to avoid fracture. Fig. 2-B A 1-cm-deep cavity is created at the inferior pole of the glenoid.
Figures
Fig. 3
Insertion of the fibula into the proximal part of the humerus and completion of the vascular anastomosis. Fig. 3-A The periosteum at both ends of the fibula is evaginated for insertion into the glenoid and humerus. Fig. 3-B The graft is inserted into the humeral medullary canal by telescoping with at least a 2-cm overlap. The arrow indicates the pedicle. Fig. 3 -C Exposure of medial vascular structures through a separate incision. The graft's pedicle is passed through a loose tunnel to the medial vascular structures. Fig. 3 -D End-to-side anastomosis to the brachial artery and end-to-end anastomosis of the vein. Fig. 4 After achievement of an interference fit of the fibula into the distal part of the humerus, anastomosis to the brachial artery and veins can be performed either through the anterolateral approach that was used to prepare the humerus, by retracting the humeral shaft laterally and the medial muscles medially from the intermuscular septum, or via a separate incision (arrow) on the medial aspect of the arm. Fig. 5 Double plate fixation of a properly positioned shoulder. Fig. 5-A The position of the arthrodesis is checked with the patient's hand aimed at the upper lip or nose. The preferred shoulder position is 30° of abduction, 30° of flexion, and 30° to 50° of internal rotation. The arrow indicates the patient's nose. Fig. 5 -B Double plate application. Fig. 5 -C This image shows two separate incisions for lateral plate application to prevent hardware complications. Fig. 6 The double plate construct. The fibula was inserted 1 cm into the glenoid, which was prepared previously, and secured with a Kirschner wire. The glenoid-fibula interface is covered with the periosteal flap of the fibular graft. A reconstruction plate was applied to the spine of the scapula and to the lateral part of the humerus, and a compression plate was applied to the anterior part the glenoid and the anterior part of the humerus. Fig. 7  Fig. 7 -A Humeral bone defect following a gunshot injury. Fig. 7-B The fixator is removed. Due to inadequate bone stock left at the humeral head and instability for a long period, arthrodesis of the shoulder was planned. 
